This study examined cocaine self-administration after pretreatments with three structurally related compounds that bind selectively to dopamine D3 receptors (D3Rs) relative to the D2 receptor subtype (D2Rs) and exhibit varying intrinsic activities in the forskolin-stimulated adenylyl cyclase assay. The compounds are: a) WC10, a D3R weak partial agonist/antagonist with 42-fold D3R:D2R selectivity, b) WC26, a 51-fold selective D3R partial agonist, c) WC44, a 23-fold selective D3R agonist. Rats were stabilized on a multiple variable-interval 60-s (VI60) schedule with alternating components of sucrose (45 mg pellets) or cocaine reinforcement (0.375 mg/kg, IV) and then tested for effects of the WC compounds (0.0, 1.0, 3.0, 5.6, or 10.0 mg/kg, IP). Another cohort was trained to self-administer cocaine (0.75 mg/kg, IV) on a VI60 schedule then tested with various doses of cocaine available (0.0e1.5 mg/kg, IV) following pretreatment with WC10 (5.6 or 10.0 mg/kg) or WC44 (10.0 mg/kg). WC10 and WC26 decreased both cocaine and sucrose reinforcement rates at the 10.0 mg/kg dose, whereas WC44 decreased only cocaine reinforcement rate at this dose. Furthermore, WC26 and WC44 increased response latency for cocaine but not sucrose. In the cocaine doseeresponse experiment, WC10 and WC44 flattened the dose-effect function of cocaine reinforcement rate. All compounds decreased spontaneous locomotion. WC10 and WC26 also reduced cocaine-induced locomotion. These results support the targeting of D3Rs for treatments for cocaine dependence. WC26 and WC44, in particular, show promise as they increased the latency to respond for cocaine but not sucrose, suggesting selective reduction of the motivation for cocaine.
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Introduction
The dopamine D3 receptor (D3R) subtype is a viable target for development of novel therapeutic agents for the treatment of psychostimulant addiction, as well as L-DOPA-induced dyskinesia and schizophrenia (Blaylock and Nader, 2012; Heidbreder and Newman, 2010; Joyce and Millan, 2005; Kumar et al., 2009; Le Foll et al., 2005; Levant, 1997; Luedtke and Mach, 2003; Newman et al., 2005) .
Interest in D3 receptors as a therapeutic target for the treatment of psychostimulant abuse initially stemmed from the unique anatomical distribution of this receptor, including expression in the nucleus accumbens, which is known to play a key role in addictionrelated behaviors (Kalivas and Volkow, 2005; Wise, 2004) . Upregulation of D3R expression has been reported to occur in response to administration of several drugs of abuse (Le Foll et al., 2003; Spangler et al., 2003; Vengeliene et al., 2006) . For instance, Mash and colleagues found elevated D3R binding and mRNA expression in the ventral striatum of cocaine overdose fatalities (Segal et al., 1997; Staley and Mash, 1996) . In rodents, D3Rs are upregulated following cocaine self-administration and the magnitude of elevation is related to measures of motivation for cocaineseeking behaviors (Conrad et al., 2010; Neisewander et al., 2004) .
There is 78% homology in the transmembrane spanning regions of D3Rs and D2Rs, (Sokoloff et al., 1990) , which has made it difficult to develop highly selective D3R compounds. Those that have been developed are antagonists or low efficacy partial agonists with approximately 100-fold selectivity for D3Rs over D2Rs (Heidbreder and Newman, 2010; Wang et al., 2010) . These compounds alter several psychostimulant-conditioned and unconditioned behaviors including: 1) decreasing self-administration under fixed and progressive ratio schedules of reinforcement (Higley et al., 2011; Peng et al., 2009; Song et al., 2011; Xi and Gardner, 2007; Xi et al., 2005 Xi et al., , 2006 , 2) decreasing drug-primed or cue-elicited reinstatement of extinguished psychostimulant-seeking behavior (Gal and Gyertyan, 2006; Gilbert et al., 2005; Higley et al., 2011; Vorel et al., 2002; Xi et al., 2006) , 3) attenuating psychostimulant reward as measured by electrical brain self-stimulation and conditioned place preference (Cervo et al., 2005; Duarte et al., 2003; Spiller et al., 2008; Vorel et al., 2002; Xi et al., 2006) , and 4) attenuating cocaine-conditioned hyperactivity (Le Foll et al., 2002) . However, a property of the dopamine D3R-selective antagonists and partial agonists that has been studied so far is that they have relatively poor bioavailability (Heidbreder and Newman, 2010) . Thus, there is a need to develop new D3R-selective compounds with improved bioavailability that can successfully target D3 receptors in the brain when administered systemically (Chu et al., 2005; Grundt et al., 2005; Luedtke and Mach, 2003; Mach et al., 2003) .
We have developed a series of 2-methoxy substituted phenylpiperazine compounds with varying degrees of selectivity and intrinsic activity (Chu et al., 2005; Kumar et al., 2009; Xu et al., 2009) . We have previously demonstrated that these WC-series compounds have therapeutic potential for the treatment of L-DOPA-induced dyskinesia (Kumar et al., 2009 ) and that they are effective in diminishing dopamine receptor agonist-induced deficits in pre-pulse inhibition of startle, an animal model of sensory integration impairment in schizophrenia (Weber et al., 2009) . The present study examined the ability of these compounds to suppress cocaine self-administration and their effects on responding for sucrose reinforcement. The effects of these compounds on spontaneous and cocaine-induced locomotion were also evaluated.
Methods and materials

Animals
Male Sprague-Dawley rats (Charles River, USA) weighing 250e300 g at the time of surgery were maintained on a 12:12 reverse light:dark cycle (lights on at 7:00 pm). Rats were given ad libitum food and water, unless otherwise specified. Subjects were acclimated to handling for approximately 2 min/day for at least 5 days prior to surgery. All procedures and housing conditions were in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, National Research Council, 1996) and were approved by the Institutional Animal Care and Use Committee at Arizona State University.
Drugs
Cocaine hydrochloride (RTI International, Research Triangle Park, NC, USA) was dissolved in saline and filtered through 0.2 mm filters. The compounds WC10 and WC44 were mixed in 5% dimethyl sulfoxide in 0.9% saline, then 25 ml/ml 1.0 N hydrochloric acid was added to aid solubility. For the compound WC26, the concentration of dimethyl sulfoxide was increased to 25%. All WC compounds were administered intraperitoneally at a volume of 1 ml/kg.
Surgery
Rats were anesthetized using 2e3% isoflurane gas (Phoenix Pharmaceuticals, St. Joseph, MO, USA). Meloxicam (1 mg/kg SC, Boehringer Ingelheim Vetmedica, St. Joseph, MO, USA) was also administered to decrease inflammation. A Silastic (Dow Corning, Midland, MI, USA) catheter was implanted into the right jugular vein with the tip of the catheter positioned just rostral to the right atrium of the heart (3.0 cm from catheter insertion point). The catheter was then secured in position with sutures. The other end of the catheter was attached to a screw connector (Plastics One, Roanoke, VA, USA), fed subcutaneously to exit through an incision on the top of the head, and then fixed to the skull with dental acrylic cement as described in detail previously (Kufahl et al. 2009 ). Immediately following the surgery, rats were given 0.05 mg/kg, SC buprenorphine hydrochloride (PharmaForce, Hilliard, OH, USA). This analgesic treatment was repeated 24 h later. Rats were given 1 week to recover, during which time they were handled 2 min per day. Catheters were flushed daily with a mixture of Timentin (66.7 mg/ml, GlaxoSmithKline, Research Triangle Park, NC, USA) and heparin saline (70 U/ml, APP Pharmaceuticals, Schaumburg, IL, USA) to maintain patency for the duration of the study. Proper catheter function was tested periodically by infusing 0.05 ml methohexital sodium (16.7 mg/ml, JHP Pharmaceuticals, Rochester, MI, USA) via the catheter, which produces brief anesthetic effects only when administered IV.
Dose-effects of WC compounds on sucrose and cocaine reinforcement
Separate cohorts of rats were used for each WC compound (WC10, n ¼ 8; WC26, n ¼ 8; WC44, n ¼ 9). Training progressed in three phases: a sucrose-only phase, a cocaine-only phase, and a multiple-schedule phase. Rats were restricted to 16 g of food/day beginning 2 days before the sucrose-only phase to facilitate exploration. In the sucrose-only phase, daily sessions lasted 2 h or until the rat had earned 50 reinforcers, whichever occurred first. Sucrose pellets (45 mg, Bio-Serv, Frenchtown, NJ, USA) were used as the reinforcer. During the sucrose-only phase, the right lever was the active lever, a cue light was above the active lever to signal reinforcer availability, and the left lever was inactive. Pressing the active lever when a reinforcer had been scheduled for delivery produced the following consequences: a sucrose pellet was delivered, both levers retracted, the cue light turned off, a tone (500 Hz, 10 db above background) played for 6 s, the house light turned on after 6 s and remained on for the next 24 s to signal a time-out. After the time-out period, the stimuli were reset so that the levers were reinserted, the cue light above the active lever was turned on and the house light was turned off. The schedule of reinforcement progressed within daily sessions from fixed ratio 1 (FR1) to variable interval 10 s (VI10), VI30, and then finally to VI60. The schedule was advanced if the rat received 5 reinforcers within 40 min. Once the rat had ended the session on VI60 for 3 consecutive sessions, the VI60 schedule was in effect exclusively thereafter. All rats remained food-restricted to 16 g/day until a criterion of !14 reinforcers was achieved during VI60-only sessions, after which the food in the home cage was progressively increased to 18 g/day, then to 22 g/day, then to ad libitum across several sessions. Ad libitum food was then available in the home cage for the remainder of the experiment. Training in the sucrose-only phase continued for each rat until the VI60-only schedule was reached and a stability criterion of 15% variance of the mean number of reinforcers across 3 days had been met, after which training progressed to the cocaine-only phase. In the cocaine-only phase, rats were trained with cocaine (0.75 mg/kg/0.1 ml, IV) as the reinforcer in 2-h daily sessions that were identical to the sucrose-only sessions except that the positions of the active and inactive lever (left/right) were reversed. Thus, upon schedule completion on the active (left) lever, a) cocaine was delivered over a 6 s period, b) both levers retracted, c) the cue light above the active lever turned off, d) a tone played for 6 s, and e) the house light turned on after 6 s and remained on for the next 24 s. Once the same stability criterion used in the sucrose-only phase was met, training progressed to the multiple-schedule phase. In the multiple-schedule phase, rats were trained on a multiple schedule consisting of eight 15-min components. The reinforcer available during each component alternated between sucrose and cocaine. The schedule contingency used in each component was the same as that used during the first two phases for each respective reinforcer type. That is, the right lever was the active lever during a sucrose component and the left lever was the active lever during a cocaine component. The cue light above the right (active) lever was turned on during a sucrose component whereas during a cocaine component the cue light above the left (active) lever was turned on. Reinforcement was delivered using a VI60 schedule for all components. The cocaine dose used for the multiple schedule was reduced to 0.375 mg/kg/0.1 ml. The reinforcer available in the initial component of each session was varied randomly between sessions. A 1 min time-out was implemented between components during which both levers were retracted and all lights were turned off. The total session length was therefore 2 h and 8 min.
Testing of the WC compounds started once a rat achieved the 3-day stability criterion for both reinforcers simultaneously on the multiple schedule. Test sessions were identical to the multiple schedule training sessions described above, with the exception that 1) test sessions were shortened to four 15-min components with alternating reinforcers, resulting in a total test session length of 1 h 4 min, in order to match the approximate window during which the behavioral effects of the WC compounds would be the strongest (Kumar et al., 2009) , and 2) sucrose was always the reinforcer available during the initial component. For each WC compound, five doses (vehicle, 1.0, 3.0, 5.6, 10.0 mg/kg, IP) were tested across separate test sessions using a within-subject design, with the dose order counterbalanced between subjects. The WC compound was injected 5 min before the start of the test session based on our previous study showing that all three WC compounds attenuated L-DOPA-induced dyskinesia within this timeframe (Kumar et al., 2009) . We verified that the WC compounds were behaviorally effective 5 min post-treatment based on locomotor activity data (see below). Between test sessions, rats were maintained under the eight-component multiple schedule used during training, and the 3-day stability criterion described above had to be met for both reinforcers before a rat was tested on the next dose of the WC compound.
Effects of WC compounds on the cocaine dose-effect function
For these experiments, we chose to compare the weak partial agonist/antagonist WC10 and the agonist WC44 at the 10.0 mg/kg doses. A lower dose of WC10 (5.6 mg/ kg) was also tested. WC26 was not tested because we chose to focus on the compounds with the lowest and the highest intrinsic activities. Separate cohorts of experimentally naïve rats were used to examine the effects of WC10 and WC44 on the cocaine dose-effect function (WC10 5.6 mg/kg, n ¼ 9; WC10 10.0 mg/kg, n ¼ 7; WC44 10.0 mg/kg, n ¼ 8). Rats were trained to self-administer cocaine (0.75 mg/kg/ 0.1 ml, IV) in 2-h daily sessions, under the same contingency as that used in the cocaine-only phase described above. Once the 3-day stability criterion had been met and a minimum of 10 sessions had occurred, a series of test days was initiated. The dose of cocaine available during the test session was increased across test days in the following order: 0, 0.094, 0.188, 0.375, 0.75, and 1.5 mg/kg/0.1 ml IV. For each test dose of cocaine, animals were tested twice: once following pretreatment with vehicle and once following pretreatment with the WC compound, with the treatment order counterbalanced between rats. Pretreatments were given IP 5 min before the start of the test sessions. Each test session lasted 1 h. Between test days, rats were maintained under the same daily 2-h sessions used during training (with a cocaine dose of 0.75 mg/kg/0.1 ml), and the 3-day stability criterion was implemented before a rat was tested again.
Effects of WC compounds on spontaneous and cocaine-induced locomotion
Between one and nine days after completing the above self-administration experiments, rats were tested for the effects of WC10 (n ¼ 8), WC26 (n ¼ 8) and WC44 (n ¼ 6) on spontaneous and cocaine-induced locomotion. All eight rats used to test WC10 were from the cocaine dose-effect experiment testing the effect of 10 mg/kg WC10, including one rat whose catheter became non-patent and was excluded from that self-administration experiment. All eight rats used to test WC26 were from the multiple schedule experiment testing the dose-effect of WC26. Two of the six rats used to test WC44 were from the multiple schedule experiment testing the dose-effect of WC44. The remaining four rats were from the multiple schedule experiment testing the dose-effect of WC26 and after they had been tested for the locomotor effect of WC26. For these rats, 4 days separated the end of the WC26 locomotor experiment and the start of the WC44 locomotor experiment. Locomotor activity tests were conducted in Plexiglas cages that were 25 cm by 46 cm and 20 cm deep with a wire bar lid. A video tracking system (TopScan Realtime Option Version 2.00, Clever Sys., Reston, VA, USA) produced a continuous record of the rats' movement, reported as total cm traveled. Each rat received the following four treatments across four non-consecutive test days in a within-subject 2 Â 2 factorial design: vehicle, cocaine (10 mg/kg, IP), the assigned WC compound (10 mg/ kg, IP), and both cocaine and the assigned WC compound. The order of treatments was counterbalanced between rats, and treatments were given 5 min before a test session. Each test session was 1 h long and rats were given 1 day off between test sessions.
Data analyses
The following dependent variables were analyzed: reinforcement rates, total cocaine intake (cocaine dose-effect experiments only), active and inactive lever response rates, and response latencies. In addition, for the multiple schedule experiment, the change from vehicle (0 mg/kg WC compound) was calculated and analyzed for each reinforcer type in order to take into account potential baseline differences for sucrose vs. cocaine after vehicle pretreatments. These analyses are included in the Supplementary Materials because they largely corroborated with the analyses of the raw data. Response latency was calculated as the latency from the insertion of levers to the first response on the active lever. For the cocaine doseeffect experiments, if a rat failed to respond during a session, the latency was capped at the duration of the session (60 min). Response latency data were averaged across cocaine doses because the animals had no way of knowing the upcoming cocaine dose at the beginning of the test sessions, and therefore response latency should not change as a function of tested cocaine dose. For the experiments investigating the dose-effects of the WC compounds on sucrose and cocaine reinforcement (i.e., the multiple schedule experiments), if a rat failed to respond during a component, the latency was capped at the duration of a component (15 min). With the exception of response latencies, data for each reinforcer type in the multiple schedule experiments were averaged across its two components during test sessions. Therefore, data for sucrose was averaged across the 1st and 3rd components, while data for cocaine was averaged across the 2nd and 4th components. Response latencies were not averaged because they may differ in the first session half (1st and 2nd components) compared to the last session half (3rd and 4th components). This is because rats were under the influence of cocaine at the beginning of the 3rd and 4th components, but not at the beginning of the 1st and 2nd components.
Two separate approaches were used to analyze the dependent measures. In the first approach, two-factor repeated measures ANOVAs were performed. Unless otherwise specified in the Results section, the two factors in the multiple schedule experiments were reinforcer type (2 levels: sucrose and cocaine) Â WC compound dose (5 levels: 0, 1, 3, 5.6 and 10 mg/kg). The two factors in the cocaine dose-effect experiments were drug pretreatment (2 levels: vehicle and WC compounds) Â cocaine dose (6 levels: 0, 0.094, 0.188, 0.375, 0.75 and 1.5 mg/kg). In addition, response latencies in the multiple schedule experiments were analyzed using linear trend analysis, with the dose of the WC compounds as the linear contrast factor. Evidence that a WC compound affected responding for cocaine differently from sucrose in the multiple schedule experiment would be revealed by a significant reinforcer type Â WC compound dose interaction. Evidence that a WC compound affected the shape of the cocaine dose-effect function would be revealed by a significant WC compound Â cocaine dose interaction. If a main effect was found for factors with !3 levels (i.e., WC compound dose or cocaine dose), the other factor was collapsed, and post-hoc comparisons were made to verify that the effect was due to a difference between control and one of the higher doses. Post-hoc comparisons were made using two-tailed paired-sample t-tests, with significance level of each test (a) adjusted using the Sidák correction such that the family-wise Type I error rate was 0.05 (Howell, 2007; Keppel and Wickens, 2004) . Therefore, for post-hoc comparisons of the effect of WC compound dose, 4 comparisons were made, and the Sidák-corrected a (a corr ) was 0.013. For post-hoc comparisons of the effect of cocaine dose, 5 comparisons were made, and a corr ¼ 0.010. In the case when a significant interaction between the two factors was found, tests of simple main effects were performed to determine the source of the interaction as follows. For each level of the two-level factor (e.g., reinforcer type in the multiple schedule experiments), separate one way ANOVAs were performed on the factor with !3 levels (e.g., WC compound dose), and in the case of a significant effect, post-hoc multiple t-tests using the Sidák correction was performed (Howell, 2007; Keppel and Wickens, 2004) . Because Mauchly's test of sphericity (1940) confirmed that homogeneity of variance was violated for much of the response latency data in the multiple schedule experiments, response latencies were log 10 -transformed prior to statistical analysis. Log 10 -transformation reduced the cases of variance homogeneity violations from 10 (pre-transformation) to just 1 (the main effect of WC26 dose, which was non-significant in any case).
In the second approach, planned comparisons were used to test specific hypotheses that the WC compounds, being ligands at D3Rs, are able to alter responding for cocaine (Heidbreder and Newman, 2010) and sucrose (Peng et al., 2009) . For the multiple schedule experiments, planned comparisons between vehicle (0 mg/kg dose) versus each dose of the WC compound were performed for each reinforcer type. For the cocaine dose-effect experiments, planned comparisons between vehicle and WC compound pretreatments were performed at each dose of cocaine. All planned comparisons were conducted using 2-tailed t-tests with a significance level (a) of 0.05. Planned comparisons were not performed on inactive lever response rates as we had no a priori hypotheses regarding this measure.
Locomotor activity for each WC compound was analyzed using a 2 Â 2 (WC compound Â cocaine) repeated ANOVA. In case of a significant interaction, simple effects were assessed using 2-tailed t-tests. Planned t-tests were also used to verify that cocaine pretreatment increased locomotor activity. In addition, in order to verify that the WC compounds were behaviorally active at the start of the session for all experiments in this study (i.e., 5 min post-treatment), locomotor activity during the first minute of the session (i.e., between the 5th and 6th minutes posttreatment) after pretreatment with vehicle vs. with the WC compounds was compared using t-tests.
Results
Dose-effects of WC compounds on sucrose and cocaine reinforcement
The pharmacological properties of the three WC-series phenylpiperazine derivatives and their structures have been reported previously (Chu et al., 2005; Kumar et al., 2009 ). All three compounds have nanomolar affinity at human D3 dopamine receptors, exhibit 23-to 51-fold binding selectivity at D3 compared to D2 dopamine receptor subtype, and are weak partial agonists (30%e35% intrinsic activity of the full agonist quinpirole) at D2 receptors using an adenylyl cyclase inhibition assay (Kumar et al., 2009) . The pharmacological property that differentiates these compounds is their intrinsic activity at D3 receptors, with WC10 being a weak partial agonist/antagonist (20% intrinsic activity of the full agonist quinpirole), WC26 being a partial agonist (69% intrinsic activity), and WC44 being a full agonist (96% intrinsic activity, Chu et al., 2005) . We selected these compounds for our initial studies because they each have partition coefficients which predict their ability to cross the blood brain barrier (log P values ¼ 2.9e3.5, Chu et al., 2005) .
The dose-dependent effects of the WC compounds on the number of reinforcers delivered across the two 15-min test components for sucrose and cocaine are shown in Fig. 1 . The repeated measures ANOVA (2 reinforcer types Â 5 WC compound doses) revealed a main effect of reinforcer type on reinforcement rates in all three experiments: WC10 (F (1,7) ¼ 9.44), WC26 (F (1,7) ¼ 17.2), and WC44 (F (1,8) ¼ 5.84, p < 0.05 for all), suggesting that sucrose intake was higher in general than cocaine intake. There was also a main effect of dose of WC compound in each case: WC10 (F (4,28) ¼ 9.68), WC26 (F (4,28) ¼ 6.96), and WC44 (F (4,32) ¼ 10.3, p < 0.05 for all), but no interaction between reinforcer type and dose. These results indicate that all three WC compounds dosedependently reduced the reinforcement rate regardless of whether cocaine or sucrose was available. For all three WC compounds, post-hoc tests of the main effect of dose, collapsed across reinforcer types, revealed a significant decrease in reinforcement rate relative to vehicle at the 10.0 mg/kg dose (a corr for 4 comparisons ¼ 0.013). In addition, planned comparisons of each dose relative to vehicle revealed that WC10 significantly decreased cocaine reinforcement rate at the 10.0 mg/kg dose (t (7) ¼ 3.08, p ¼ 0.018), and decreased sucrose reinforcement rate at both the 5.6 mg/kg (t (7) ¼ 3.07, p ¼ 0.018) and the 10.0 mg/kg doses (t (7) ¼ 3.50, p ¼ 0.010, Fig. 1A ). For WC26 these planned comparisons revealed that 10.0 mg/kg dose decreased reinforcement rates for cocaine (t (7) ¼ 3.85, p ¼ 0.006) and sucrose (t (7) ¼ 2.98, p ¼ 0.021, Fig. 1B ). For WC44, planned comparisons revealed that the 10.0 mg/ kg dose decreased cocaine reinforcement rate (t (8) ¼ 3.60, p ¼ 0.007) but there was no significant effect on sucrose reinforcement rates at any dose (Fig. 1C) .
The effects of the WC compounds on the number of active lever responses totaled across the two 15-min test components for each reinforcer type are shown in Fig. 2 . In the WC10 experiment, one rat was an outlier for both active and inactive response rates under both cocaine and sucrose schedule components (>7 standard deviations above group means). Therefore, we omitted this subject from the analyses and graphs involving response rates. Overall repeated measures ANOVAs (2 levers Â 2 reinforcer types Â 5 WC compound doses) of lever response rates following pretreatment with all three WC compounds revealed a main effect of lever: WC10 (F (1,6) ¼ 13.8), WC26 (F (1,7) ¼ 24.0), and WC44 (F (1,8) ¼ 34.2, p < 0.05 for all), indicating higher response rates on the active lever versus the inactive lever and confirming that the rats were sensitive to the change of active lever contingency between sucrose and cocaine components. We subsequently analyzed active and inactive lever response rates separately. The ANOVAs (2 reinforcer types Â 5 WC compound doses) of active lever response rates revealed a main effect of reinforcer type in the WC44 experiment only (F (1,8) ¼ 7.48, p ¼ 0.026), indicating lower active lever response rates during the cocaine components relative to the sucrose components regardless of WC44 dose. With all three WC compounds tested, there were main effects of dose: WC10 (F (4,24) ¼ 7.12), WC26 (F (4,28) ¼ 4.05), and WC44 (F (4,32) ¼ 5.13, p < 0.05 for all), but no dose Â reinforcer type interactions. Post-hoc tests of the main effect of dose, collapsed across reinforcer type, revealed that 10.0 mg/kg of WC10 significantly reduced active lever response rate, whereas none of the post-hoc tests comparing WC26 and WC44 against their vehicles were significant (Fig. 2) . However, differences relative to vehicle were revealed by planned comparison t-tests. For all three WC compounds the 10.0 mg/kg dose reduced active lever response rates relative to vehicle during the sucrose components: WC10 (t (6) ¼ 5.01, p ¼ 0.002, Fig. 2A ), WC26 (t (7) ¼ 2.84, p ¼ 0.025, Fig. 2B ), and WC44 (t (8) ¼ 2.67, p ¼ 0.028, Fig. 2C ). The 1.0 mg/kg dose of WC44 actually increased active lever response rates relative to vehicle (t (8) ¼ À2.45, p ¼ 0.04, Fig. 2C ). During the cocaine components, the 10.0 mg/kg dose decreased active lever response rates relative to vehicle for WC10 (t (6) ¼ 3.21, p ¼ 0.018) and WC44 (t (8) ¼ 2.34, p ¼ 0.047), but not for WC26 (t (7) ¼ 1.51, p ¼ 0.17, Fig. 2 ).
The ANOVAs (2 reinforcer types Â 5 WC compound doses) of inactive lever response rates (Fig. 3) revealed main effects of Fig. 1 . Effect of WC compounds on sucrose and cocaine reinforcement rates. Graphs show the mean number of reinforcers/30 min (AESEM) totaled across the two 15-min sucrose (gray squares) or cocaine (black circles) components of the multiple VI60 schedule following pretreatment with vehicle (V) or varying doses of WC10 (A), WC26 (B), or WC44 (C). Separate cohorts of rats were used to test each compound (n ¼ 8, 8, and 9 respectively). Animals received all doses of their assigned compound across repeated tests with additional self-administration sessions between tests to reestablish stable intake rates. The pretreatments were given 5 min prior to the beginning of the test sessions. There was a main effect of reinforcer type in all three WC experiments, indicating higher sucrose reinforcement rates relative to cocaine. There was also a main effect of dose in all experiments, but no dose by reinforcer type interactions. Planned comparisons of each dose of WC compounds to their respective vehicle treatments revealed differences both when cocaine was available (*) and when sucrose was available (þ), planned t-test, p < 0.05. reinforcer type for WC26 (F (1,7) ¼ 16.1) and WC44 (F (1,8) ¼ 11.1, p < 0.05 for all), but not for WC10. There was no effect of WC compound dose or reinforcer type Â WC compound dose interaction for any of the compounds. These findings indicate higher inactive lever response rates during cocaine components relative to sucrose components in the WC26 and WC 44 experiments, regardless of the pretreatment dose. These observations may reflect a bias for pressing the lever associated with sucrose, since overall response rates on the sucrose lever were higher in general.
Response latency for components 1 (sucrose) and 2 (cocaine) was analyzed separately from components 3 (sucrose) and 4 (cocaine), because rats were under the influence of cocaine at the beginning of components 3 and 4 but not 1 and 2, and there is a possibility that the effect of the WC compounds may depend on whether the rats are under the influence of cocaine.
The effects of the WC compounds on response latencies during components 1 (sucrose) and 2 (cocaine), when rats were not under the influence of cocaine, are shown in Fig. 4 . For WC10, there was a main effect of dose (F (4,28) ¼ 2.79, p ¼ 0.045), but no reinforcer type Â dose interaction (Fig. 4A ). Trend analysis also revealed a significant linear contrast of dose (F (1,7) ¼ 13.59, p ¼ 0.008), but no significant reinforcer type Â dose interaction of the linear contrast. This suggests that WC10 increased response latency linearly as a function of dose, regardless of the reinforcer available. Post-hoc analysis with reinforcer type collapsed revealed that 10.0 mg/kg of WC10 increased response latency compared to vehicle regardless Fig. 3 . Effect of WC compounds on inactive lever responding for sucrose and cocaine. Graphs show the mean inactive lever responses/30 min (AESEM) totaled across the two 15-min sucrose (gray squares) or cocaine (black circles) components of the multiple schedule following pretreatment with vehicle (V) or varying doses of WC10 (A), WC26 (B), and WC44 (C). For WC26 and WC44 there was a main effect of reinforcer type (#), indicating higher inactive lever response rates during cocaine components relative to sucrose components, regardless of WC compound dose. Fig. 2 . Effect of WC compounds on active lever response rates for sucrose and cocaine. Graphs show the mean active lever responses/30 min (AESEM) totaled across the two 15-min sucrose (gray squares) or cocaine (black circles) components of the multiple schedule following pretreatment with vehicle (V) or varying doses of WC10 (A), WC26 (B), and WC44 (C). For all three WC compounds there was a main effect of dose. For the WC44 experiment, there was also a main effect of reinforcer type, indicating higher response rates overall during sucrose components relative to cocaine components. Planned comparisons of each dose to the respective vehicle treatments revealed differences both when cocaine was available (*) and when sucrose was available (þ), planned t-test, p < 0.05. of the reinforcer available. However, planned comparisons against vehicle separately for each reinforcer type were unable to detect any significant differences, likely due to a lack of power. For WC26, there was a trend toward significance for the reinforcer type Â dose interaction (F (4,28) ¼ 2.60, p ¼ 0.058), while linear contrast of the reinforcer type Â dose interaction was significant (F (1,7) ¼ 8.84, p ¼ 0.021, Fig. 4B ). For WC44, significant reinforcer type Â dose interactions were found for both ANOVA (F (4,32) ¼ 6.43, p ¼ 0.001) and linear contrast (F (1,8) ¼ 12.10, p ¼ 0.008, Fig. 4C ). This suggests that WC26 and WC44 affected response latency differently for cocaine vs. sucrose. This was supported by analyses of the simple effects of WC26 and WC44 on cocaine vs. sucrose separately. When sucrose was the reinforcer, neither WC26 nor WC44 had a significant linear contrast effect on response latency. However, when cocaine was the reinforcer, the linear contrast effects were significant for WC26 (F (1,7) ¼ 25.62) and WC44 (F (1,8) ¼ 21.73, p < 0.05 for all). Post-hoc comparisons of vehicle against higher doses of the WC compounds for the cocaine component revealed that 10.0 mg/kg of both WC26 (t (7) ¼ 3.39, p ¼ 0.011) and WC44 (t (8) ¼ 4.02, p ¼ 0.004) significantly increased response latency. In addition, planned comparisons found that 5.6 mg/kg of WC44 also increased response latency for cocaine (t (8) ¼ 2.76, p ¼ 0.025), while none of the doses of WC26 and WC44 affected response latency for sucrose. Tests of the simple effects of reinforcer type at each dose of the WC compound found that response latency was higher for cocaine than sucrose at 10 mg/kg of WC44 (t (8) ¼ 2.60, p ¼ 0.032). Surprisingly, the opposite was found at 3 mg/kg of WC44 (t (8) 
Analyses of the effects of the WC compounds on response latency during components 3 (sucrose) and 4 (cocaine), after rats had been exposed to cocaine during component 2, found that despite differences in baseline response latency for sucrose compared with cocaine after vehicle pretreatment, the effects of the three WC compounds were similar to those observed during components 1 and 2. That is, WC10 caused a non-selective linear increase in response latency for both cocaine and sucrose, whereas WC26 and WC44 caused a selective linear increase in response latency only for cocaine but not sucrose. Details of the analyses are provided in the supplementary materials (Section S1).
It is possible that increased response latencies on the active lever caused by the WC compounds were associated with changes in responding on the inactive lever prior to the first active lever press. However, ANOVAs (2 reinforcer type Â 5 WC compound doses) failed to detect any main effects or interactions involving WC compound dose for inactive lever response rate or the total number of inactive lever responses prior to first active lever press, suggesting that inactive lever responding during the active lever response latency period was not affected by the WC compounds. Detailed analyses and figures are included in the Supplementary Materials.
Effects of WC compounds on the cocaine dose-effect function
The effects of 5.6 and 10.0 mg/kg of WC10 and 10.0 mg/kg of WC40 on the cocaine dose-effect function were examined. Note that WC26 was not tested in these experiments because we chose to focus on the compounds with the lowest and the highest intrinsic activity. In the WC10 experiments, the catheters of 2 out of 9 subjects pretreated with the 5.6 mg/kg dose and 3 out of 7 subjects pretreated with the 10.0 mg/kg dose became non-patent prior to the test at the highest cocaine dose (1.5 mg/kg). Therefore, the highest cocaine dose was omitted from the ANOVAs for these experiments, but the means for the subjects that were tested at this dose are shown in the graphs. The effects of WC10 on these subjects at this dose were analyzed using planned comparisons only.
Both WC10 (5.6 and 10.0 mg/kg) and WC44 (10.0 mg/kg) flattened the inverted U-shaped cocaine dose-effect function of cocaine reinforcement rates (Fig. 5AeC) . In all three experiments the overall ANOVAs revealed significant main effects of a) WC compound: WC10 5.6 mg/kg (F (1,8) ¼ 32.53), WC10 10.0 mg/kg (F (1,6) ¼ 19.37), WC44 (F (1,7) ¼ 42.47, p < 0.05 for all), and b) cocaine Fig. 4 . Effect of WC compounds on latencies to respond for sucrose and cocaine during components 1 and 2. Graphs show the geometric mean latency in s (AESEM) from the beginning of the respective components to the first active lever response for sucrose (component 1, gray squares) and cocaine (component 2, black circles) following pretreatment with vehicle (V) or varying doses of WC10 (A), WC26 (B), and WC44 (C). Note that the ordinates are on log scales. There was a significant main linear contrast effect of dose for WC10. Post-hoc comparisons averaged across reinforcer types revealed that 10 mg/kg of WC10 increased response latency ($). There were significant dose Â reinforcer type interactions of linear contrast in the WC26 and WC44 experiments. Tests of simple effects found differences in latencies between reinforcer types for WC44 (#). Planned comparisons of each dose to the respective vehicle treatments revealed differences during the cocaine component (*) but not during the sucrose component, planned t-test, p < 0.05. dose: WC10 5.6 mg/kg (F (4,32) ¼ 7.92), WC10 10.0 mg/kg (F (4,24) ¼ 8.41), WC44 (F (5,35) ¼ 7.48, p < 0.005 for all). There were also significant WC compound Â cocaine dose interactions in all three experiments: WC10 5.6 mg/kg (F (4,32) ¼ 3.32), WC10 10.0 mg/ kg (F (4,24) ¼ 2.90), WC44 (F (5,35) ¼ 8.60, p < 0.05 for all).
To further analyze the interactions, separate ANOVAs of the effect of cocaine dose were conducted for pretreatment with vehicle and WC compounds. In all three experiments, main effects of cocaine dose on reinforcement rates were observed when animals were pretreated with vehicle: WC10 5.6 mg/kg (F (4,32) ¼ 9.34), WC10 10.0 mg/kg (F (4,24) ¼ 21.48), WC44 (F (5,35) ¼ 35.67, p < 0.05 for all). There were also significant quadratic trends as a function of cocaine dose (p < 0.05 for all), in agreement with the inverted U-shaped dose-effect functions typically observed with cocaine. Post-hoc analyses of the cocaine dose main effect in vehicle-pretreated animals revealed that, relative to when saline was available (0 mg/kg cocaine dose), reinforcement rate increased at the 0.188 mg/kg cocaine dose in all 3 experiments Fig. 5 . Effect of WC10 and WC44 on cocaine reinforcement rates and intake. Graphs show the mean number of reinforcers/60 min (AESEM) after pretreatment with either 5.6 (A) or 10.0 mg/kg WC10 (B), or 10.0 mg/kg WC44 (C, black circles), versus vehicle (open circles) under a VI60 schedule with varying doses of cocaine available, and the mean cocaine intake in mg/kg (AESEM) in each of these experiments (D, E, and F, respectively). Separate cohorts of rats were used to test each compound (n ¼ 9, 7, and 8 respectively). Animals were tested with each dose of cocaine available after pretreatment with either vehicle or WC compound across test days. The different cocaine doses were tested in an ascending order of dose, while the order of vehicle versus WC compound pretreatment at each cocaine dose was counterbalanced between rats. Pretreatment occurred 5 min prior to the beginning of the test session. Additional self-administration sessions were given between tests to re-establish stable intake rates. ANOVAs of cocaine reinforcement rates found significant cocaine dose Â WC compound pretreatment interactions in all three experiments. ANOVAs of total cocaine intake found a significant main effect of 5.6 mg/kg of WC10, a trend toward significance in the case of 10 mg/kg of WC10 (p ¼ 0.08), and a significant cocaine dose Â WC44 pretreatment interaction. Asterisks (*) indicate a significant difference relative to 0 mg/kg dose of cocaine after vehicle pretreatment, p < 0.01. Pound signs (#) indicate a significant difference between pretreatment with vehicle versus with WC compounds, p 0.05.
(a corr for 5 comparisons ¼ 0.010; Fig. 5AeC ). Post-hoc analyses found that reinforcement rates also increased relative to 0 mg/kg dose at the 0.094 and 0.375 mg/kg cocaine doses in the 10.0 mg/kg WC10 and WC44 experiments. In the WC44 experiment, there was also a significant decrease in cocaine reinforcement rate at the 1.5 mg/kg cocaine dose relative to 0 mg/kg dose in the vehiclepretreated condition (p ¼ 0.001, Fig. 5C ).
In contrast to pretreatments with vehicle, when animals were pretreated with the WC compounds, ANOVAs found a significant main effect of cocaine dose only in the 5.6 mg/kg WC10 experiment (F (4,32) ¼ 3.15, p ¼ 0.027, Fig. 5A ). However, post-hoc analyses failed to detect differences in reinforcement rates at any of the cocaine doses relative to 0 mg/kg dose (a corr ¼ 0.010; minimum p ¼ 0.013 at 0.375 mg/kg cocaine). The main effects of cocaine dose in animals pretreated with either 10.0 mg/kg WC10 or WC44 were not significant ( Fig. 5B and C) . Furthermore, there were no significant quadratic trends typical of the inverted U-shaped cocaine doseeffect function after pretreatments with any of the WC compounds.
Tests of simple effects of each WC compound on cocaine reinforcement rate at each cocaine dose were also performed. In all 3 experiments (Fig. 5AeC) , pretreatment with the WC compound reduced the reinforcement rates relative to vehicle pretreatment when animals had access to a) 0 mg/kg of cocaine: WC10 5.6 mg/kg (t (8) ¼ 5.37, p ¼ 0.001), WC10 10.0 mg/kg (t (6) ¼ 3.68, p ¼ 0.010), WC44 (t (7) ¼ 4.13, p ¼ 0.004), b) 0.094 mg/kg of cocaine: WC10 5.6 mg/kg (t (8) ¼ 4.17, p ¼ 0.003), WC10 10.0 mg/kg (t (6) ¼ 5.53, p ¼ 0.001), WC44 (t (7) ¼ 6.14, p ¼ 0.001), and c) 0.188 mg/kg of cocaine: WC10 5.6 mg/kg (t (8) ¼ 5.11, p ¼ 0.001), WC10 10.0 mg/kg (t (6) ¼ 2.44, p ¼ 0.050), WC44 (t (7) ¼ 4.24, p ¼ 0.004). WC10 and WC44 (10.0 mg/kg) also decreased reinforcement rate for 0.375 mg/ kg cocaine dose: WC10 10.0 mg/kg (t (6) ¼ 2.69, p ¼ 0.036), WC44 (t (7) ¼ 2.72, p ¼ 0.030). Surprisingly, WC44 pretreatment also produced a slight increase in reinforcement rate at the high 1.5 mg/ kg cocaine dose (t (7) ¼ 4.04, p ¼ 0.005).
Both WC10 (5.6 mg/kg and 10.0 mg/kg) and WC44 (10.0 mg/kg) also altered total cocaine intake (mg/kg, Fig. 5DeF ). In all three experiments, the overall ANOVAs revealed significant main effects of cocaine dose: WC10 5.6 mg/kg (F (3,24) ¼ 49.3), WC10 10.0 mg/kg (F (3,18) ¼ 36.1), and WC44 (F (4,28) ¼ 96.97, p < 0.05 for all). In each case, there was also a significant linear trend for cocaine dose, indicating that as the cocaine dose increased, total cocaine intake increased regardless of pretreatment. For the 5.6 mg/kg WC10 experiment (Fig. 5D ), there was also a main effect of pretreatment (F (1,8) ¼ 11.3, p ¼ 0.010), indicating that cocaine intake was lower following pretreatment with 5.6 mg/kg WC10 versus vehicle regardless of cocaine dose. In the 10.0 mg/kg WC10 experiment (Fig. 5E ) there was only a trend toward a main effect of WC10 pretreatment (F (1,6) ¼ 4.50, p ¼ 0.078). There was no significant interaction at 5.6 and 10.0 mg/kg of WC10. Planned comparisons between vehicle and WC10 pretreatments at each dose of cocaine further revealed that both 5.6 and 10.0 mg/kg of WC10 reduced cocaine intake at a) 0.094 mg/kg cocaine dose: WC10 5.6 mg/kg (t (8) ¼ 4.17, p ¼ 0.003), WC10 10.0 mg/kg (t (6) ¼ 5.53, p ¼ 0.001), and b) 0.188 mg/kg cocaine dose: WC10 5.6 mg/kg (t (8) ¼ 5.11, p ¼ 0.001), WC10 10.0 mg/kg (t (6) ¼ 2.44, p ¼ 0.050). WC10 (10.0 mg/kg) also reduced cocaine intake when 0.375 mg/kg cocaine dose was available (t (6) ¼ 2.68, p ¼ 0.037). In the WC44 experiment (Fig. 5F) , there was a significant interaction between WC44 pretreatment and cocaine dose (F (4,28) ¼ 6.66, p ¼ 0.001). Tests of simple effects of WC44 pretreatment at each dose of cocaine revealed significant decreases in cocaine intake following WC44 pretreatment at the three lowest doses of cocaine: 0.094 mg/ kg (t (7) ¼ 6.14, p ¼ 0.001), 0.188 mg/kg (t (7) ¼ 3.69, p ¼ 0.008), and 0.375 mg/kg (t (7) ¼ 2.74, p ¼ 0.029), and an increase at the highest dose of cocaine (t (7) ¼ 4.04, p ¼ 0.005).
In regard to response rates, in the WC44 experiment one subject was an outlier. Both its active and inactive lever response rates (averaged across cocaine doses) were >3 standard deviations from group means for both vehicle and WC44 pretreatment conditions. Therefore, we omitted this subject from analyses and graphs depicting response rates. Similar to reinforcement rates, both WC10 (5.6 mg/kg and 10.0 mg/kg) and WC44 (10.0 mg/kg) produced a flattening of the inverted U-shaped cocaine dose-effect function of active lever response rates (Fig. 6) . In all three experiments the overall ANOVAs revealed significant main effects of a) WC compound: WC10 5.6 mg/kg (F (1,8) ¼ 76.4) , WC10 10.0 mg/kg (F (1,6) ¼ 98.24), WC44 (F (1,6) ¼ 120.64, p < 0.05 for all), b) cocaine dose: WC10 5.6 mg/kg (F (4,32) ¼ 5.18), WC10 10.0 mg/kg (F (4,24) ¼ 11.68), WC44 (F (5,30) ¼ 22.82, p < 0.05 for all), and c) WC compound Â cocaine dose interactions: WC10 5.6 mg/kg (F (4,32) ¼ 8.23), WC10 10.0 mg/kg (F (4,24) ¼ 10.41), WC44 (F (5,30) ¼ 12.34, p < 0.05 for all). To further analyze the interactions, separate ANOVAs of the effect of cocaine dose were conducted for pretreatment with vehicle and WC compounds. There were main effects of cocaine dose when animals were pretreated with vehicle in all three experiments: WC10 5.6 mg/kg (F (4,32) ¼ 9.21), WC10 10.0 mg/kg (F (4,24) ¼ 19.3), and WC44 (F (5,30) ¼ 25.8, p < 0.05 for all). Post-hoc comparisons revealed that active lever response rates increased at the 0.188 mg/kg cocaine dose in all three experiments relative to when 0 mg/kg cocaine dose was available. Active lever response rates also increased at the 0.094 mg/kg cocaine dose in the WC10 (10.0 mg/kg) and WC44 experiments ( Fig. 6B and C) . In addition, the highest dose of cocaine (1.5 mg/kg) reduced active lever response rates relative to when 0 mg/kg of cocaine was available in vehicle-pretreated rats in the 10.0 mg/kg WC10 and WC44 experiments ( Fig. 6B and C) . In contrast to vehicle pretreatment, post-hoc comparisons revealed that after pretreatments with WC10 and WC44, active lever response rates did not significantly differ across cocaine doses relative to when saline (0 mg/kg cocaine) was available.
Tests of simple effects of WC compounds on active lever response rates at each dose of cocaine indicated that all three WC compounds reduced active lever response rates when 0 mg/kg or the next 2 lowest doses of cocaine were available (Fig. 6) : a) at 0 mg/kg cocaine dose: WC10 5.6 mg/kg (t (7) ¼ 6.47, p ¼ 0.001), WC10 10.0 mg/kg (t (6) ¼ 2.93, p ¼ 0.026), WC44 (t (6) ¼ 3.24, p ¼ 0.009), b) at 0.094 mg/kg cocaine dose: WC10 5.6 mg/kg (t (7) ¼ 3.98, p ¼ 0.004), WC10 10.0 mg/kg (t (6) ¼ 10.68, p ¼ 0.001), WC44 (t (6) ¼ 5.32, p ¼ 0.001), and c) at 0.188 mg/kg cocaine dose: WC10 5.6 mg/kg (t (7) ¼ 5.27, p ¼ 0.001), WC10 10.0 mg/kg (t (6) ¼ 3.62, p ¼ 0.011), WC44 (t (6) ¼ 3.88, p ¼ 0.001). WC44 also reduced response rates relative to vehicle at the 0.375 mg/kg cocaine dose (t (6) ¼ 3.27, p ¼ 0.017).
The ANOVAs of inactive lever response rates revealed a main effect of WC compound for both WC10 experiments: WC10 5.6 mg/ kg (F (1,8) ¼ 8.26), WC10 10.0 mg/kg (F (1,6) ¼ 12.27, p < 0.05 for all). However there was no effect of cocaine dose or WC compound Â cocaine dose interactions. The main effects indicate that inactive lever response rates were higher following vehicle pretreatment than following WC10 pretreatments regardless of the available cocaine dose (Table 1 ). There were no significant effects in the ANOVA of inactive lever response rates in the WC44 experiment.
The latencies to first response on the active lever are shown in Fig. 7 . Response latency data were averaged across cocaine doses because the animals had no way of knowing the upcoming cocaine dose at the beginning of the test sessions. For all three experiments, paired sample t-tests revealed that response latencies were higher after WC compound pretreatment: WC10 5.6 mg/kg (t (8) ¼ 3.18, p ¼ 0.013), WC10 10.0 mg/kg (t (6) ¼ 7.21, p ¼ 0.001), WC44 (t (7) ¼ 3.39, p ¼ 0.012). Fig. 8 shows the effects of the three WC compounds on spontaneous and cocaine-induced locomotion. ANOVAs with WC pretreatment (vehicle or 10.0 mg/kg WC compound) and cocaine pretreatment (vehicle or 10.0 mg/kg cocaine) as repeated-measure factors revealed main effects of WC pretreatment for all three WC compounds: WC10 (F (1,7) ¼ 16.36, Fig. 8A ), WC26 (F (1,7) ¼ 113.87, Fig. 8B ), and WC44 (F (1,5) ¼ 8.22, Fig. 8C ; p < 0.05 for all). There were also main effects of cocaine in the WC10 (F (1,7) ¼ 14.83, p ¼ 0.006) and WC26 experiments (F (1,7) ¼ 93.85, p ¼ 0.001), reflecting an increase in locomotor activity after cocaine pretreatment. Although the main effect of cocaine was not significant in the WC44 experiment (F (1,5) ¼ 3.77, p ¼ 0.11), the planned t-test of locomotor activity after cocaine pretreatment alone vs. vehicle alone revealed that cocaine increased locomotor activity in this experiment (t (5) ¼ 3.37, p ¼ 0.020). Although inspection of Fig. 8C may suggest that pretreatment with WC44 attenuated cocaine-induced locomotor activity, there were no significant cocaine Â WC compound interactions in any of the experiments, although the interaction between WC44 and cocaine did approach significance (F (1,5) ¼ 6.10, p ¼ 0.057). The lack of cocaine Â WC compound interactions suggests that the magnitude of locomotion decrease caused by the WC compounds was the same regardless of whether the rat was pretreated with cocaine or not, and that the magnitude of locomotion increase caused by cocaine was the same regardless of whether the rat was pretreated with the WC compounds or their vehicles.
Effects of WC compounds on spontaneous and cocaine-induced locomotion
In order to verify that the WC compounds were behaviorally active at the start of the session for all experiments in this study (i.e., 5 min post-treatment), locomotor activity during the first minute of the session (i.e., between the 5th and 6th minute posttreatment) after pretreatments with vehicle vs. with the WC compounds was compared using t-tests. All three WC compounds significantly reduced locomotor activity during the first minute of the session: WC10 (t (7) ¼ 2.38, p ¼ 0.049), WC26 (t (7) ¼ 2.79, p ¼ 0.027), WC44 (t (5) ¼ 4.58, p ¼ 0.006), suggesting that all three WC compounds were behaviorally active between the 5th and 6th minutes post-treatment (Table 2) .
Discussion
The present data contribute to a body of evidence suggesting that the D3R modulates cocaine abuse-related behaviors (Blaylock and Nader, 2012; Luedtke and Mach, 2003) . These lines of evidence include 1) high levels of D3R expression in ventral striatum (Lévesque et al., 1992; Sokoloff et al., 1990) , a system that has been implicated in both addiction-related behavior and motivated behavior in general (Kalivas and Volkow, 2005; Wise, 2004) , 2) elevated D3R expression in the ventral striatum in rodents upon withdrawal from cocaine self-administration (Conrad et al., 2010; Neisewander et al., 2004) , 3) up-regulated D3R expression in the ventral striatum of human cocaine-overdose fatalities (Segal et al., 1997; Staley and Mash, 1996) , and 4) inhibited motivation for cocaine after treatments with D3R-preferring antagonists (Heidbreder and Newman, 2010) . The present findings further demonstrate that the D3R-preferring compounds WC26 and WC44 increased response latency when cocaine, but not when sucrose, was available, suggesting a selective decrease in motivation for cocaine. All three WC compounds also non-selectively reduced response rate and reinforcement rate under both the cocaine and sucrose schedule components.
WC10, WC26 and WC44 are three structurally similar arylamide phenylpiperazines with varying degrees of intrinsic activity (Chu et al., 2005) . Based on in vitro forskolin-stimulated adenylyl cyclase assays (Chu et al., 2005) , WC10, WC26 and WC44 have been characterized as a D3R weak partial agonist/antagonist, partial agonist, and full agonist, having intrinsic activities of 20%, 69% and 96% respectively. Their wide range of intrinsic activity and their predicted ability to cross the blood brain barrier (based on calculated log P values from Chu et al., 2005) suggest that, despite their moderate selectivity for the D3 vs. D2R (23-to 51-fold), the WC compounds are useful tools that can provide insight into the role of the D3R in the reinforcing and motivating effects of cocaine. Interestingly, the present study found that despite differences in intrinsic activity, the three WC compounds had similar effects on operant responding for cocaine in the multiple schedule experiment. All three compounds dose-dependently reduced cocaine reinforcement rates (Fig. 1) , and WC10 and WC44 also reduced response rates for cocaine ( Fig. 2) . WC10 and WC44 also produced similar effect on the cocaine dose-effect function, flattening the inverted U-shaped cocaine dose-effect functions of reinforcement rates and response rates mainly by reducing reinforcement rates and response rates at low doses of cocaine (Figs. 5 and 6) . The ability of WC10 and WC44 to reduce reinforcement rates at the 0.375 mg/kg cocaine dose replicated the results of the multiple schedule experiments. Pretreatments with WC10 and WC44 also reduced cocaine intake at the lower doses of cocaine ( Fig. 5 ). However, WC44 increased reinforcement rates and cocaine intake for the highest dose of cocaine (1.5 mg/kg; Fig. 5F ), suggesting that the inhibitory effect of WC44 at low cocaine doses is surmountable.
Results of the multiple schedule experiments suggest that all three WC compounds dose-dependently reduced operant responding for sucrose ( Fig. 2) , while WC10 and WC26 also reduced sucrose reinforcement rates (Fig. 1) . All three WC compounds (10.0 mg/kg) also reduced spontaneous locomotor activity and attenuated cocaine-induced locomotor activity (Fig. 8) .
The finding that all three WC compounds reduced responding for sucrose and decreased spontaneous locomotor activity raises the possibility that the reduction of cocaine self-administration might be completely explained by a general behavioral suppressant effect, possibly due to motor impairment. However, the response latency data in the multiple schedule experiments suggest that the effects of WC26 and WC44 on responding for cocaine are dissociable from sucrose. Both WC26 and WC44 dosedependently increased response latency for cocaine in component 2 ( Fig. 4B and C) . However neither compound affected response latency for sucrose in component 1. Surprisingly, 3.0 mg/kg of WC44 reduced response latency for cocaine. The reason for this is unclear. Nonetheless, WC26 and WC44's ability to dosedependently increase response latency for cocaine but not sucrose suggests a decrease in motivation to seek cocaine apart from the general (non-reinforcer specific) suppressant effects of these two drugs. In contrast, we cannot rule out a general behavioral suppressant effect for WC10 since it caused a doserelated increase in response latency during cocaine and sucrose components (Fig. 4A) . Finally, the increases in response latency by WC10 and WC44 were replicated in the cocaine dose-effect experiments (Fig. 7) .
One drawback of the design of the multiple schedule experiments is that the reinforcer was always sucrose in components 1 and 3, and cocaine in components 2 and 4. Thus, the post-injection time for response latencies shown in Fig. 4 was 5 min for sucrose but 21 min for cocaine. It is therefore possible that WC26 and WC44 had a larger effect during the cocaine component simply because the blood/brain concentrations of the WC compounds were higher. Although we cannot completely rule out this possibility, results from the locomotor activity experiments suggest that all three WC compounds were at least behaviorally active between the 5th and the 6th minute post-treatment (Table 2 ). Furthermore, analyses of response latency in components 3 and 4 found that, despite a higher baseline response latency for sucrose than for cocaine, the effects of WC26 and WC44 were qualitatively similar to those found in components 1 and 2. That is, both WC compounds dosedependently and selectively increased latency to respond for sucrose but not cocaine (Fig. S1 in the supplementary materials) . This suggests that the effects of WC26 and WC44 on response latency persisted throughout the session, despite the possible variations in blood/brain drug concentration during the session.
Interestingly, the multiple schedule experiment found that 1.0 mg/kg of WC44 increased responding during the sucrose components (Fig. 2C ). This finding was unexpected, since larger doses of WC44 reduced responding, but it may be worth noting that Weber et al. (2009) found that, over a range of doses of WC44 similar to those used in the present experiment, 1.0 mg/kg of WC44 increased the magnitude of the startle response in the rat. It is unclear whether the two observations are related, but one possibility is that this dose of WC44 enhanced reactivity to the experimental environment and tone cues used in these two studies. These findings provide evidence that WC44 is pharmacologically active at 1.0 mg/kg, but had the opposite effect on responding compared to the larger dose of 10 mg/kg. One reason why the two doses had opposite effects may be that WC44 was acting at two different receptors, for example D3Rs vs. serotonin-1A (5-HT 1A ) receptors, or was acting at D3Rs with different second messenger systems (see below). Alternatively, the lower dose of WC44 may have Fig. 7 . Effect of WC10 and WC44 on latencies to respond for cocaine. Response latencies were averaged across cocaine doses because the animals had no way of knowing the upcoming cocaine dose at the beginning of the test sessions. Graphs show the geometric mean latency to active lever press (AESEM) for pretreatment with either 5.6 (A) or 10.0 mg/ kg WC10 (B), or 10.0 mg/kg WC44 (C) versus vehicle pooled across doses of cocaine obtained under a VI60 schedule. T-tests found a significant effect of WC compound in all three experiments (#), suggesting that response latencies were increased by WC10 and WC44, p < 0.05. predominantly affected dopamine autoreceptors while the higher dose may have predominately affected post-synaptic dopamine receptors (Bouthenet et al., 1991; Diaz et al., 1995) , resulting in opposite behavioral effects.
Based on their ability to inhibit forskolin-dependent stimulation of adenylyl cyclase via cells expressing human D3Rs, WC10 is weak partial agonist/antagonist, WC26 is a partial D3R agonist and WC44 is a full D3R agonist, while all three WC compounds are partial agonists at D2R (Chu et al., 2005; Kumar et al., 2009) . It is therefore important to consider whether the observed effects of the WC compounds are mediated via the D2R, D3R, or both.
Although adenylyl cyclase assays suggest that WC44 acts as a D3R agonist, several of its behavioral effects seem contradictory. First, previous studies found that D2/D3R agonists such as quinpirole can reinstate cocaine seeking behavior, suggesting that motivation for cocaine is increased (De Vries et al., 2002; De Vries et al., 1999; Khroyan et al., 2000; Self et al., 1996) , while the D3Rpreferring agonist PD-128,907 also reinstated cocaine seeking (Achat-Mendes et al., 2010; although see Khroyan et al., 2000) . In contrast, WC44 selectively increased response latency for cocaine in the multiple schedule experiment (Fig. 4C) , in agreement with a decrease in motivation for cocaine. However it should be noted that the effect of D2/D3R agonist on cocaine seeking can be dose dependent. For example, Fuchs et al. (2002) found that, while cocaine seeking was increased by acute treatments with a high dose of the D2/D3R agonist 7-OH-DPAT, cocaine seeking could also be reduced by 7-OH-DPAT at low doses that also reduced locomotor activity (Khroyan et al., 1995) and increased yawning (Collins et al., 2005) , possibly by activating the D3R (Svensson et al., 1994) . Second, D3R-preferring agonists with comparable selectivity for D3Rs over D2Rs have been found to shift the cocaine dose-effect function to the left (Barrett et al., 2004; Caine and Koob, 1995; Caine et al., 1997 Caine et al., , 1999 . In contrast, WC44 appeared to shift the dose-effect function of cocaine reinforcement rates to the right (Fig. 5C ), typically indicative of a competitive antagonism of receptor-mediated effects (Caine et al., 2002) , although it should be noted that the present study used a variable interval schedule instead of a fixed ratio schedule. Third, Weber et al. (2009) found that unlike D3R-prefering agonists such as pramipexole, WC44 did not disrupt prepulse inhibition (PPI). Instead, 10 mg/kg of WC44 attenuated PPI disruption induced by pramipexole, presumably by blocking the D3R and not the D2R because the D2R-selective antagonist L-741,626 failed to attenuate pramipexole's effect. The latter study suggests that WC44 might in fact act as a D3R antagonist in vivo.
One possible reason why WC44's behavioral effects do not resemble those of D2/D3R agonists may be because WC44 is a partial agonist, not a full agonist, at the D2R (Kumar et al., 2009 ). Indeed, all three WC compounds used in the present study are partial agonists at the D2R (Kumar et al., 2009) , which may explain why they had similar effects on locomotor activity and responding for cocaine and sucrose, with the exception that WC10 also increased response latency for sucrose. D2R partial agonists have been proposed to have therapeutic utility for treating psychostimulant addiction (Pulvirenti and Koob, 2002) . Previous studies with D2R partial agonists terguride and aripiprazole, which also have affinities at other receptors (including dopamine and serotonin receptors; Millan et al., 2002; Shapiro et al., 2003) , found that they caused a rightward/downward shift of the cocaine dose-effect function (Pulvirenti et al., 1998; Sørensen et al., 2008 ; although see Feltenstein et al., 2007) , similar to the effects of WC10 and WC44. In agreement with WC26 and WC44 increasing response latency only for cocaine but not sucrose, acute aripiprazole also shifted Table 2 Mean distance traveled (AESEM) during the first minute since the start of the locomotor sessions (i.e., between the 5th and the 6th minute post-treatment). Only the vehicle and the WC compound-only conditions are compared. Rats were tested 4 times, receiving one of each of the following treatments 5 min before the 1-h test session: vehicle, cocaine (10 mg/kg, IP), their assigned WC compound (10 mg/kg, IP), or both cocaine and their assigned WC compound. The order of these tests was randomized and rats were given 1 day off between test sessions. Graphs show the distance traveled (cm þ SEM) in 1 h. Asterisks (*) indicate a significant main effect of WC compound pretreatment, regardless of cocaine pretreatment. Plus signs (þ) indicate a significant main effect of cocaine, regardless of WC compound pretreatment. Planned t-test also indicates a difference between pretreatment with cocaine and pretreatment with vehicle in the WC44 experiment (#).
preference from cocaine toward food in a concurrent choice paradigm . However, terguride reduced responding for food at a lower dose than for cocaine (Platt et al., 2003) . Terguride and aripiprazole also reduced cue-and cocaineprimed cocaine seeking (Feltenstein et al., 2007 (Feltenstein et al., , 2009 Khroyan et al., 2000) . It is currently unclear to what extent D2R partial activation contributed to the present effects (and the effects of other non-selective D2R partial agonists). However, considering that all three WC compounds have similar intrinsic activities at the D2R but differ in several behavioral effects in the present study (see Fig. 4 and Table 1 ) and previous studies (Kumar et al., 2009; Weber et al., 2009) , it is unlikely that partial activation at the D2R alone accounted for all of the behavioral effects of the three WC compounds. It is possible that the behavioral effects of the WC compounds result from an interaction between D2R partial activation and binding at the D3Rs. Another reason why WC44's effects do not resemble those of D2/D3R agonists may be because its behavioral effects were mediated via an intracellular signaling cascade downstream of the receptor that is independent of adenylyl cyclase. The concept that a drug can cause the differential activation of second-messenger signaling pathways mediated via a single G-protein-coupled receptor is referred to as functional selectivity of a drug Mailman, 2007; Mottola et al., 2002; Urban et al., 2007) . For example, a recent study found that several D3R-selective phenylpiperazines have high intrinsic activity for the adenylyl cyclase inhibition pathway but moderate to low intrinsic activity in the mitogenic activation signally pathway (Taylor et al., 2010) . However, it is unclear whether an inhibition of the mitogenic activation signally pathway can explain the present results. Although there is a correlation between mitogenic stimulation via the D3R and potency for shifting the cocaine dose-effect function to the left (Caine et al., 1997) , NGB 2904 and PG619 failed to inhibit cocaine self-administration despite acting as D3R antagonists in mitogenic assays (Blaylock et al., 2011; Martelle et al., 2007; Xi et al., 2006) .
Finally, it should be noted that all three of the WC compounds evaluated in the present experiments also display high affinities for the 5-HT 1A receptors (Chu et al., 2005) , although it is currently not known if these compounds have functional activity at these receptors. The 5-HT 1A receptor agonist 8-OH-DPAT has previously been found to have inconsistent effects on cocaine-related behavior (Czoty et al., 2005; Peltier and Schenk, 1993) and food-related behavior (Dourish et al., 1985; Ebenezer, 1992; Ho et al., 2003; Zhang et al., 2005) , whereas the 5-HT 1A receptor antagonist WAY-100635 attenuated cocaine-primed reinstatement of extinguished cocaine seeking (Burmeister et al., 2004; Schenk, 2000) and decreased breakpoints for food on progressive ratio schedules (Ho et al., 2003) . If the effects observed in this study were really due to 5-HT 1A receptor activation, they should be attenuated by WAY-100635, whereas if the effects were really due to 5-HT 1A receptor antagonism, they should be attenuated by a 5-HT 1A receptor agonist. A further possibility that the observed effects reflect the interaction between D2Rs or D3Rs and 5-HT 1A receptors cannot be ruled out, especially since WC44 increased response rate at a low dose but decrease response rate at a high dose during the sucrose components in the multiple schedule experiment. Further experiments will be required to establish the extent to which the WC compounds' effects in the present study are mediated via the 5-HT 1A receptors.
In conclusion, three high affinity D3 dopamine receptorselective arylamide phenylpiperazines with varying intrinsic activities at D3 receptors were found to effectively reduce selfadministration of low to moderate doses of cocaine in rats. Responding for sucrose and spontaneous locomotor activity were also reduced in a dose-dependent manner. Although WC10 increased response latency for both sucrose and cocaine, WC26 and WC44 selectively increased response latency for cocaine but not for sucrose. The latter observation suggests that motivation for cocaine may have been reduced as a consequence of D3 receptor occupancy.
